We used extra-tidal RR Lyrae stars to study the dynamics of Galactic globular clusters and know how effects like dynamical friction and tidal disruption affect these clusters. The Gaia DR2 catalog for RR Lyrae stars (Clementini et al. 2018 ) is used along with the proper motions and tidal radii data for the globular clusters compiled from literature. A sample of 56 Galactic globular clusters is analyzed. Out of these 56 Galactic globular clusters, only 11 have extra-tidal RR Lyrae stars. However, only two clusters, namely, NGC 3201 and NGC 5024, have enough extra-tidal RR Lyrae stars to draw interesting conclusions. NGC 3201 has 13 extra-tidal RR Lyrae stars which are asymmetrically distributed around its center with more number of stars in its trailing zone than its leading part. We conclude that these asymmetrical tidal tails are due to the combined effect of tidal disruption and the stripped debris from the cluster. On the other hand, NGC 5024 has 5 extra-tidal RR Lyrae stars, four of them are concentrated in a region which is at a distance of about 3 times the tidal radius from its center. These may be the stars that are being ripped apart from the cluster due to tidal disruption. The presence of these extra-tidal RR Lyrae stars in the clusters can be an indication that more cluster stars are present outside their tidal radii which may be revealed by deep wide field CMDs of the clusters.
INTRODUCTION
Globular clusters lose stars mainly because of the dynamical processes like tidal disruption and dynamical friction (Fall & Rees 1977 , 1985 . Both these processes can be studied by analyzing the stellar distribution of the globular clusters. Tidal disruption causes tidal tails which are aligned along and against the cluster motion, (e.g. Pal 5, for which Kuzma et al. (2015) found 30 stars in the trailing zone of the cluster and only 17 in the leading part). These tidal tails consist of cluster stars. This effect has been observed (Leon et al. 2000; Odenkirchen et al. 2001; Belokurov et al. 2006; Grillmair & Johnson 2006; Jordi & Grebel 2010) and studied by many authors in the past (King 1962; Tremaine et al. 1975; Chernoff et al. 1986 ; Capuzzo-Dolcetta 1993; Weinberg ⋆ E-mail: richakundu92@gmail.com 1994; Meylan & Heggie 1997; Gnedin & Ostriker 1997; Vesperini & Heggie 1997; Combes et al. 1999; Lotz et al. 2001; Balbinot & Gieles 2018) . The dynamical friction is due to the field stars that are concentrated in trailing part of the cluster opposite to its velocity vector. These field stars try to drag the cluster behind, slowing it down. This is called the gravitational wake effect. Dynamical friction has been predicted in many studies (Chandrasekhar 1943; Mulder 1983; White 1983; Tremaine & Weinberg 1984; Capuzzo-Dolcetta & Vicari 2005; Moreno et al. 2014; Arca-Sedda & Capuzzo-Dolcetta 2014) but has not been observed yet. A detailed study of the dynamical processes was not possible due to; (1) absence of proper motions, (2) relatively small fields of view on the sky, (3) absence of spectroscopic measurements of the tidal tail stars, like radial velocities and metallicities, to confirm membership.
reported the detection of extra-tidal RR Lyrae stars in the bulge globular clusters NGC 6441 and NGC 6266 (M62), respectively. In this paper, we have analyzed the spatial distribution of extra-tidal RR Lyrae stars present in 56 Galactic globular clusters in order to study the effect of the dynamical processes on the clusters.
After the Gaia Data Release 2 (Gaia Collaboration et al. 2018, Gaia DR2), we have access to large amount of very accurate proper motion and magnitude (for G<19 magnitude) data. Antoja et al. (2018) reported that Gaia DR2 proper motions deviate from Hipparcos (van Leeuwen 2007) and Tycho-2 (Fabricius et al. 2002) proper motions mainly in the case of acceleration solutions and hence are very accurate for our purpose. This gives us an opportunity to explore the Solar neighborhood as well as probe deep into the space. In this analysis, we have used the Gaia data (Clementini et al. 2018 ) to get proper motions of RR Lyrae stars along with globular cluster data from Moreno et al. (2014, hereafter MPV14) and Vasiliev (2018, hereafter V18) . This paper is organized as follow: in section 2 we discuss the data used in the analysis. In section 3 we discuss the criteria of membership assignment. In section 4 we discuss the results. In section 5 we discuss the conclusions.
DATA
The data for our analysis have been taken from various sources. Clementini et al. (2018) published a Gaia DR2 catalog for RR Lyrae stars containing 140784 stars. Proper motion values for these 140784 RR Lyrae stars were extracted from Gaia DR2 using the Astronomical Data Query Language (ADQL) query 1 . V18 recently published a catalog containing the most accurate proper motions and distances for 150 globular clusters present in the Milky way, which were determined using Gaia DR2 data. Tidal radii values for 63 globular clusters are available from MPV14. Only 56 globular clusters were found to be common between MPV14 and V18. List of these common clusters is provided in Table 1. Only these 56 common Galactic globular clusters were considered for further analysis.
METHOD
Starting with the Gaia DR2 catalog for RR Lyrae stars (Clementini et al. 2018) , we selected only those stars for our analysis which seem to be the members of the clusters. To get these possible members, we selected RR Lyrae stars based on 3 criteria: 1. position of RR Lyrae stars in the sky close to the cluster; 2. proper motion consistent with the proper motion of the cluster; and 3. location in the CMD consistent with the CMD of the cluster. Only those RR Lyrae stars which satisfy all the above criteria were selected as the members of the clusters. A description of implementing these criteria is provided below.
1 https://gea.esac.esa.int/archive/ 3.1 Selecting extra-tidal RR Lyrae stars based on their position in sky
To get the RR Lyrae stars which fulfill the first criteria, we defined an annulus around the center of the cluster with its lower radius as 2/3 times the tidal radius (smaller circle in Fig. 1 ) and its upper radius as 3 times the tidal radius (bigger circle) in Fig. 1 ) of the cluster. The RR Lyrae stars lying within the area bound by this annulus were selected as the extra-tidal RR Lyrae stars which are possible members of the cluster. Although the stars lying less than 2/3 times tidal radius away from the cluster center are also members of the cluster but for our analysis we are only interested in detecting the potential extra-tidal RR Lyrae stars which are present in the tidal tails of the cluster. Therefore, those RR Lyrae stars which are less than 2/3 times the tidal radius away from the center of the cluster are not taken into account. We have kept the criterion 1 uniform for all the clusters independent of their position in the sky because even if at this step some of the non-member stars are incorrectly selected due to the crowded field, they would be rejected in a further analysis.
Selecting extra-tidal RR Lyrae stars based on their proper motions
If the cluster is in a crowded field then the non-member stars can be easily miss-classified as cluster members in the 2D space. Hence, the next criterion to select the RR Lyrae stars belonging to the cluster was based on the proper motion of the cluster. Therefore, once we have selected the RR Lyrae stars that are within 2/3 to 3 times the tidal radius away from the center of globular cluster, we next selected the stars which have approximately the same proper motion as that of the cluster. The proper motion of each selected RR Lyrae star was taken from Gaia DR2, and the mean proper motions for the clusters were taken from V18. We selected the stars for which the RA and DEC proper motions of the cluster match with the RA and DEC proper motions of the stars within 10 times the error in proper motion reported by Gaia. We allowed such large variation in the proper motion so that none of the stars which may be a member of the cluster is missed due to small error values. Errors in the proper motions of the clusters were negligible in comparison to the individual stellar proper motion errors. Therefore, these errors are neglected in the analysis. Selected stars from two clusters, NGC 3201 and NGC 5024 are shown in Fig. 1 and Fig. 2 , respectively.
Selecting extra-tidal RR Lyrae stars based on the CMD of the cluster
While selecting extra-tidal RR Lyrae stars based on their position in the sky, we may have selected some of the stars that are part of some foreground and background source. In the proper motion analysis as well, we have allowed a variation of 10 times the error in the proper motion of each RR Lyrae star. Therefore, even after applying the first 2 criteria, we still may have selected some of the stars that are not cluster members. To be sure that we select only those RR Lyrae stars which are part of the cluster and not some background or foreground sources, we over-plotted our selected Figure 1 . Spatial distribution of the extra-tidal RR Lyrae stars present in the cluster NGC 3201 is shown. The RR Lyrae stars are selected (green dots) or rejected (black dots) as member of the cluster based on their proper motion. Proper motion of the cluster is indicated with maroon arrow. The smaller circle indicates the region which is 2/3 times the tidal radius away from the cluster center and the bigger circle indicates the region which is 3 times the tidal radius away from the cluster center. The proper motions of each of the selected RR Lyrae star (cyan arrows) are also shown. The blue arrow points towards the Galactic center.
RR Lyrae stars on the CMD of the cluster. We selected only those RR Lyrae stars that lie on the intersection of the instability strip and the horizontal branch of the cluster CMD. Fig. 3 shows the CMD of NGC 3201. It can be seen from the figure that all the RR Lyrae stars that were selected on the basis of the first two criteria lie on the horizontal branch of the CMD of the cluster. Hence, these stars are part of the cluster. Similarly, the CMD of NGC 5024 (Fig. 4) shows that all the RR Lyrae stars selected on the basis of the first two criteria lie on the horizontal branch of the CMD along with one star that was rejected based on its proper motion. Therefore, it is necessary to follow all the three criteria to make sure that all the selected RR Lyrae stars actually belong to the cluster. Instead of the CMD we could have used the PeriodLuminosity (PL) relation for the RR Lyrae stars to select the members of the cluster. However, the extinction corrections, the individual parallaxes and the Galactic PL relations are not accurate enough for our purposes. The location of the extra-tidal RR Lyrae stars on the CMDs is consistent with the CMD of the cluster, taking into account that some clusters are more reddened, and that differential reddening can also be present. Also, while the cluster CMDs are very well defined, some of the Gaia photometry in the crowded GC inner regions can have larger errors than the extra tidal Figure 2 . Spatial distribution of the extra-tidal RR Lyrae stars present in the cluster NGC 5024. All the symbols and color representations are the same as in Fig. 1 .
stars that lie in the outskirts, or less crowded GC regions Pancino et al. (2017) . A similar analysis was done for all the clusters. Table 2 lists the number of extra-tidal RR Lyrae stars selected at each step. The final results are listed in Table 3 . This table gives the parameters for the extra-tidal cluster RR Lyrae stars discovered here.
RESULTS
Out of the 56 Galactic globular clusters analyzed here, only 11 have extra-tidal RR Lyrae stars that match all the three criteria. These 11 clusters have a total of 30 extra-tidal RR Lyrae stars. Most of these clusters have a couple of extratidal RR Lyrae stars. However, two of the clusters, NGC 3201 and NGC 5024 (also known as M 53), have enough extra-tidal RR Lyrae stars to draw some interesting conclusions. NGC 3201 (Fig. 1) contains 13 extra-tidal RR Lyrae stars aligned asymmetrically along and against its direction of proper motion. Four of these RR Lyrae stars are located in the leading part of the cluster motion, while 7 of them are located in the trailing part. Based on these small number statistics, it appears that the tidal tails of this cluster are asymmetric. In the case of NGC 5024, the extra-tidal RR Lyrae stars are mostly concentrated in a small region which is at a distance of 3 times the tidal radius from the cluster center (Fig. 2) . The clusters with only a couple of extra-tidal RR Lyrae stars also have a high probability of having tidal tails, however, spectroscopic measurements, such as radial velocity and abundance information would give more insight into the nature and origin of the extra-tidal RR Lyrae stars.. NGC 3201 has an asymmetrical distribution of the Table 2 . Number of extra-tidal RR Lyrae stars selected based on 3 criteria.
Criteria
Number of stars selected 1. Stars around the center of the cluster within 2/3 and 3 times the tidal radius 1531 2. Proper motion of the star and the cluster 580 3. Position of the star on CMD of the cluster 41 Table 3 . Results of this work. Coordinates (RA and DEC), RA and DEC proper motions (µ) and their respective errors ( ǫ µ ) taken from Gaia DR2 for each extra-tidal RR Lyrae star is provided along with its Gaia source ID and parent cluster. extra-tidal RR Lyrae stars. This asymmetrical distribution of the extra-tidal RR Lyrae stars can be a combined effect of both dynamical friction and tidal disruption. However, to have a detectable effect of dynamical friction on the cluster, the cluster must be located in a region with high density of field stars. This kind of high density is only present in the bulge of the Galaxy and the cluster NGC 3201 is located well outside the bulge. Hence the most favourable argument to explain these asymmetrical tidal tails detected in the cluster NGC 3201 is the effect of tidal disruption combined with the stripped debris from the cluster. Grillmair et al. (1995) also detected extra-tidal extension for NGC 3201 based on optical surface density maps. Chen & Chen (2010) analyzed the near-infrared stellar density profile of this cluster and found that this cluster shows stellar debris structure. They concluded that this stellar debris structure is due to the recent encounter of the cluster with the Galactic disk. Kunder et al. (2014) also suspected the existence of tidal tails for NGC 3201, as they found some unbound stars located a few arc minutes outside of the cluster radius. Recently, Anguiano et al. (2016) reported the presence of tidal debris for the cluster. Their results were based on spectroscopic measurements from RAVE data.
NGC 5024 has five extra-tidal RR Lyrae stars mostly concentrated in a region which is at a distance of 3 times the tidal radius from the center of the cluster. The presence of these extra-tidal RR Lyrae stars may be an indication of more extra-tidal population which may also belong to the cluster. Beccari et al. (2008) found that in the case of NGC 5024, the model with lower concentration (c = 1.45) and large core radius (r c = 26") best reproduced the observed surface density profile in the inner portion of the cluster but this model deviates from observations in the outer region of the cluster. This type of deviation is a signature of the stars that are tidally stripping away from the cluster (Combes et al. 1999; Johnston et al. 1999 ; Leon et al. 2000 ). Figure 4 . Gaia DR2 CMD of the Galactic globular cluster NGC 5024. All the symbols and color representations are the same as in Fig. 3 . Kunder et al. (2018) reported 8 extra-tidal RR Lyrae stars belonging to the Galactic globular cluster NGC 6441 but we did not find any in this study. This is due to three reasons: (1) some of the stars reported by them were not observed in Gaia DR2 (OGLE BLG-RRLYR-3774, OGLE BLG-RRLYR-30603, OGLE BLG-RRLYR-30792, OGLE BLG-RRLYR-3168, OGLE BLG-RRLYR-31080), (2) star reported was not marked as variable by Gaia survey (OGLE BLG-RRLYR-30513 (Gaia DR2 4039957151898674048)) and (3) stars were reported as RRab variable stars by Gaia survey but were not present in Gaia DR2 RR Lyrae catalog (catalog: gaiadr2.vari rrlyrae; stars: OGLE BLG-RRLYR-3613 (Gaia DR2 4039958564974057984)), OGLE BLG-RRLYR-30928 (Gaia DR2 4039978695412672768)). Minniti et al. (2018) recently reported the presence of tidal tails in the cluster NGC 6266. These were not found in our analysis due to the fact that they used additional near-IR VVVX survey observations along with Gaia DR2 data.
CONCLUSIONS
We searched for extra-tidal RR Lyrae stars in 56 Galactic globular clusters based on the available literature data. Gaia DR2 data for RR Lyrae stars from the catalog of Clementini et al. (2018) was used along with data from MPV14 and V18 to assign cluster membership to each RR Lyrae star. The extra-tidal RR Lyrae stars were selected based on 3 criteria: position of the cluster and the star in the sky; proper motion of the cluster and the star; and position of the RR Lyrae star on the CMD of the cluster. All the three criteria are necessary and none of them can be neglected while selecting the extra-tidal RR Lyrae stars. Based on these three criteria we found 30 extra-tidal RR Lyrae stars belonging to 11 globular clusters. The majority of these clusters have only a couple of candidates. We also note that some of those extra stars for halo GCs may also be part of an extended halo (Kuzma et al. 2016 (Kuzma et al. , 2018 . However, NGC 3201 and NGC 5024 have 13 and 5 extra-tidal RR Lyrae stars, respectively. It was found that in the case of NGC 3201, extra-tidal RR Lyrae stars are asymmetrically distributed around the cluster. We conclude that these asymmetrical tidal tails are due to the combination of tidal disruption with the tidal debris from the cluster. The tidal tails for this cluster have been indicated in the literature. However, in the case of NGC 5024 the extra-tidal RR Lyrae stars are mostly concentrated in a small region which is at a distance of 3 times the tidal radius away from the cluster center. The presence of extra-tidal stars in these clusters is an evidence that they are highly affected by tidal disruption and are disintegrating with time.
The RR Lyrae stars are a small percentage of the numerous globular cluster population, such as main sequence stars. Therefore, the extra-tidal RR Lyrae stars detected in the clusters can be regarded as the tracers of more numerous population, which may have been members of the clusters in past and were ripped apart due to various dynamical processes. These stars could be revealed by deep wide field CMDs of the clusters. The detection of such stars would be helpful in understanding the cluster dynamics in detail.
